Quantum information processing for a coherent superposition state via a mixed 

entangled coherent channel 
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An entangled two-mode coherent state is studied within the framework of 2 x 2 dimensional Hilbert 
space. An entanglement concentration scheme based on joint Bell-state measurements is worked 
out. When the entangled coherent state is embedded in vacuum environment, its entanglement is 
degraded but not totally lost. It is found that the larger the initial coherent amplitude, the faster 
entanglement decreases. We investigate a scheme to teleport a coherent superposition state while 
considering a mixed quantum channel. We find that the decohered entangled coherent state may 
be useless for quantum teleportation as it gives the optimal fidelity of teleportation less than the 
classical limit 2/3. 

PACS number(s); 03.67.-a, 89.70.+C 



I. INTRODUCTION 

Quantum entanglement and its remarkable features 
make it possible to realize quantum information process- 
ing including quantum teleportation pL cryptography 
and quantum computation An entanglement of 
two systems in coherent states allows tests of local real- 
ism J! and can be used as a quantum entangled chan- 
nel for quantum information transfer. Proposals to en- 
tangle fields in two spatially separated cavities exist 
Recently, entanglement of non-orthogonal states called 
quasi-Bell states and teleportation using them have been 
studied §-|. 

In quantum information processing, the entangled co- 
herent state is normally categorized into a two-modc- 
continuous-variable state. However, there was a sugges- 
tion to implement a logical qubit encoding by treating a 
coherent superposition state, a single-mode-continuous- 
variable state, as a qubit in 2-dimensional Hilbert space 
H . In this paper, we study the entangled coherent state 
within the framework of 2 x 2 dimensional Hilbert space. 
We assess the entanglement of the evolved state and 
how useful it can be to transfer the quantum informa- 
tion when the entangled coherent state decoheres in the 
vacuum. 

We first construct an orthogonal Bell basis set from 
non-orthogonal coherent states to reformulate the prob- 
lem to 2x2 dimensional Hilbert space. We then investi- 
gate the Bell-state measurement scheme that works per- 
fectly in the large amplitude limit. The measurement 
scheme composed of linear devices is proposed to use for 
entanglement concentration JXOj ] and quantum teleporta- 
tion. The teleportation scheme, in effect, re-illustrates 
van Enk and Hirota's |J. When the quantum system is 
open to the outside world, the initially prepared system 
decoheres and becomes mixed. Assuming the vacuum en- 
vironment, we find how an entangled coherent state loses 
its initial entanglement as interacting with the environ- 



ment. We use the measure of entanglement [jll| based on 
the partial transposition condition of entanglement [fl2[ . 
We then consider optimal quantum teleportation via the 
mixed quantum channel. We find that even though the 
channel is always entangled under the influence of the 
vacuum environment, it becomes useless for teleporta- 
tion at some point. 



II. CONSTRUCTION OF BELL BASIS WITH 
ENTANGLED COHERENT STATES 

It is possible to consider an entangled coherent state 
in C 2 <g> C 2 Hilbert space. It makes the problem sim- 
pler because two-qubit entangled states have the simplest 
mathematical structure among entangled states. 

Let us consider two kinds of entangled coherent states 
which have symmetry in phase space: 

\C 1 )=-±=(\a)\a)+e i *\-a*)\-a*}), (1) 



|C 2 ) = — (| a )|- a*) + e*\ - a*)\a)), (2) 

where |a) and | — a*) are coherent states of amplitudes 
a and —a*, N and N' are normalization factors, and 
ip and f' are relative phase factors. It can be veri- 
fied that any entangled coherent states in the form of 
+ e^| 7 )|7))/VAT or (|/3)| 7 ) + e^'\ 7 )\0})/V^, 
where (3 and 7 are any complex amplitudes, can be con- 
verted respectively to \C\) or |C 2 ) by applying local uni- 
tary operations A set of \C\) for ip = 0, it and 
IC2) for <p' = 0,tt was studied as quasi-Bell states @] but 
the four quasi-Bell states do not form a complete mea- 
surement set by themselves because they do not satisfy 
orthogonality and completeness. 

By Gram-Schmidt theorem, it is always possible to 
make orthonormal bases in iV-dimensional vector space 
from any N linear independent vectors. Suppose new 
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orthonormal bases by superposing non-orthogonal and 
linear independent two coherent states \a) and | — a*): 
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: (cos 9e 
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\a) -sin^ei^l -a*)), (3) 
*|a}+cos0e**| -a*)), (4) 



where Ng = cos 2 28 is a normalization factor and real 
parameters 8 and <f> are defined as 

sin20e~^ = (a| - a) = exp{-2a 2 + 2ia r ai} (5) 

with real a r and imaginary a, parts of a. 

We define four maximally entangled Bell states using 
the orthonormal bases in (|J) and (Q) : 



|B 1 , 2 ) = ^(|^ + )|V> + >±h/'->IV>->), 

|fl3,4) = -^(|^ + )|^->±l^->l^+»- 

They can be represented by \a) and | — a*) as 
\Bi) = -^-|e-^|a)|a) + e*| - a*>| - a*) 



(6) 
(7) 



- sin 26* 



|S 2 > = 
|S 3 > = 

l*4> = 




(8) 
(9) 

(10) 
(11) 



where we immediately recognize that \B^ and \B±) are 
in the form of entangled coherent states \C\) and IC2) 
while \Bi) and I-B3) become so as \a\ — » 00. 

Now we are ready to consider decoherence and telepor- 
tation with mixed entangled coherent states. For sim- 
plicity we assume = 0, i.e., a is real, in the rest of the 
paper. 



III. TELEPORTATION VIA A PURE CHANNEL 

There have been studies on the quantum teleportation 
of a coherent superposition state via an entangled coher- 
ent channel I-B2) @- Here, we suggest a scheme for the 
same purpose with the use of Bell bases (||), (||), (JToj) , 
and ( p"l] ) . The scheme includes direct realization of Bell- 
state measurements. We also show that the Bell-state 
measurement method enables the entanglement concen- 
tration of partially entangled coherent states. 



A. Teleportation and Bell-state measurement 

Suppose a coherent superposition state 
1 



-.(\V2a) - I - V2a)), 



(12) 



where M_ is a normalization factor, is superposed on a 
vacuum |0) by a lossless 50:50 beam. It can be shown 
that the output state is I-B4). It is possible to generate 
a superposition of the two coherent states \\/2a) and | — 
V2a) , from a coherent state | V^a) propagating through 
a nonlinear medium ]l4| . 

Let us assume that Alice wants to teleport a coherent 
superposition state 



\^) a = A\a) a + B\ 



(13) 



via the pure entangled coherent channel {B^bc, where 
the amplitudes A and B are unknown. The state ( |l3| ) 
can be represented as 



) a = A'\^+) a + B'\^) a 



(14) 



with A' = Acos8 + Bsin8 and = Asin8 + Bcos8. Af- 
ter sharing the quantum channel |-B4)b c , Alice performs 
a Bell-state measurement on her part of the quantum 
channel and the state ([TJ|) and sends the outcome to 
Bob. Bob accordingly chooses one of the unitary trans- 
formations {i&y, <t x , — ct 2 , 1} to perform on his part of the 
quantum channel. Here er's are Pauli operators and 1 is 
the identity operator and the correspondence between 
the measurement outcomes and the unitary operations 



are B\ 



'VI 



B 2 



B, 



-o Zl Bi => 1. Acting of 



these operators on |a) and| — a) gives impacts as follows: 



() i%A-( sin2 8\a)-\-a)), 

-a)i^-L(|a)-sin20|-a>), 
l\f) 



— (\a)-sm28\-a)), 
I* -L( sin 2%) -!-«>)• 



(15) 

(16) 
(17) 
(18) 

(19) 



It is not a trivial problem to discriminate all four Bell 
states. In fact it was shown that complete Bell-state 
measurements on a product Hilbert space of two two- 
level systems are not possible using linear elements [ [l5|| . 
We here suggest an experimental setup as shown in Fig. 1 
to discriminate Bell states constructed from entangled 
coherent states. Although perfect discrimination is not 
possible, arbitrarily high precision can be achieved when 
the amplitude of the coherent states becomes large. For 
simplicity, we shall assume that the 50:50 beam splitter 
imparts equal phase shifts to reflected and transmitted 
fields. 
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detector B 



beam splitter 



FIG. 1. Scheme to discriminate all four Bell states with an 
arbitrarily high precision using a 50:50 beam splitter and two 
photo-detectors. If an odd number of photons is detected at 
detector A for mode / then we know that the entangled state 
incident on the measurement set up was IB2). On the other 
hand, if an odd number of photons is detected at detector B 
for mode g then the incident entangled state was I-B4). For 
a ^> 1, if a non-zero even number of photons is detected for 
mode /, the incident state was \Bi) and if a non-zero even 
number is detected for mode g, it was I-B3}. 

Suppose that each mode of the entangled state is inci- 
dent on the beam splitter. After passing the beam split- 
ter (bs), the Bell states become 



\Bi) a b 

|-B2)a6 

\B3)ab 



1 



V2N t 

bs 1 



bs 
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(\even) f\0) g — sin 29\0) f\even) g ) , 

:\0dd) f \Q) g , 



(|0) f\even) g , — sm26\even} /|0) s ), 



\B 



A)ab 



-.\Q)f\odd) g , 



(20) 



where [even ) = \V2a) + I - y/2a) has non-zero photon- 
number probabilities only for even numbers of photons 
and \odd) = \V2a) — \ — \f2a) has non-zero photon- 
number probabilities only for odd numbers of photons. 
Note that \even) and \odd) are not normalized. If an odd 
number of photons is detected at detector A for mode / 
then we know that the entangled state incident on the 
measurement set up was {62) ■ On the other hand, if an 
odd number of photons is detected at detector B for mode 
g then the incident entangled state was I-B4). When even 
numbers of photons are measured, we cannot in general 
tell if the incident state was |-E?i) or I-B3). However, for 
sin 29 (— (a\ — a)) ~ 0, i.e. a 3> 1, if a non-zero even 
number of photons is detected for mode /, the incident 
state was |-Bi), and if a non-zero even number is detected 
for mode g, it was I-B3). When sin 29 is not negligible, 
the probability of wrong estimation is 



Pi (a) 



1 



2(1 



= 4a 2 



(21) 



For the limit of a > 1, this probability approaches to 
zero and all the Bell states can be discriminated with 
arbitrarily high precision. 

When the measurement outcome is I-B2), the receiver 
performs |a) «-> | — a) on c. Such the phase shift by 7r can 



be done using a phase shifter whose action is described 
by R(<p) 



R{<f)aR\if) 



-lif 



(22) 



where a and a) are the annihilation and creation oper- 
ators. When the measurement outcome is IS4), the re- 
ceiver does nothing on c as the required unitary trans- 
formation is only the identity operation 1. When the 
outcome is \B 3 ), an operator -^{\a)(a\ — | — a)(— a\) 
plays the corresponding role, which becomes a unitary 
operator for a> 1. When the outcome is \B\), a x and 
a z should be successively applied. 



B. Concentration of partial entanglement via 
entanglement swapping 

If the initially prepared quantum channel is in a pure 
but not maximally entangled state, the channel may be 
distilled to a maximally entangled state before using it for 
quantum information processing including teleportation. 
This process is known as the entanglement concentration 
protocol |L6|l7|. For an entangled coherent channel, it 



can be simply realized via entanglement swapping JlO 18 



ring gO 

inAp 



using the Bell measurement proposed in Sec. 

Suppose an ensemble of a partially entangled pure 

state 



\D 4 ) = 



1 



-.(cos r]\a)\ — a) — sinr)\ — a)\a)) (23) 



from which we want to distill a sub-ensemble of a maxi- 
mally entangled state. is a normalization factor and 
the real phase factor 77, < 77 < ir/2, determines the de- 
gree of entanglement for I-D4). The state I-D4) in ( p3| ) is 
written in the orthonormal bases (||) and (Q) as follows: 



\Da 



1 f 1 



in2#(cos?7 - sin 77) (|VM-) 1^+) + |^-)|^-)) 
+ ( cos 2 cos 77 — sin 2 9 sin 77) \ip + )\ip_) 
+ ( sin 2 6> cos 77 - cos 2 6* sin 77) li/'-) 1 7^+) [■ (24) 



First, we consider the case when a is large. In this 
case, state I-D4) ~ |iLt) where 



|E 4 ) = cosj7|V>+)|V>-) - sinr7|V>-)|V>4 



(25) 



After sharing a quantum channel between Alice and Bob, 
Alice prepares a pair of particles which are in the same 
entangled state as the quantum channel. Alice then per- 
forms Bell-state measurement on her pair of the quan- 
tum channel. If the measurement outcome is B± or B2, 
the other particle of Alice's and Bob's quantum channel 
is, respectively, in maximally entangled state \Bi)b> c or 
|P2)h'c where Alice's particle is denoted by b' . Otherwise, 
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Alice's particle and Bob's quantum channel are not in a 
maximally entangled state: 



1 



= (cos 2 r?|^ + ) 6 ^_) c + sin z |^+) c ), (26) 




cos e\ta) - sin 6| - ta)), (32) 
(-sin6|to) +cos8| - to)), (33) 



= (cos r?|V'+)fc'|V , -) c -sin r)\ip-) b ,\ip + ) c ), 



respectively for measurement outcome of B 3 or B4. N' 
is a normalization factor. The probability P\ and P2 to 
obtain the maximally entangled state \B\)b' C and \B2)b'c 
are P\ = P2 = cos 2 r\ sin 2 77. In this way, no matter how 
small the initial entanglement is, it is possible to distill 
some maximally entangled coherent channels from par- 
tially entangled pure channels. 

We now consider the concentration protocol when a 
is not large enough to neglect sin 28. In this case, only 
two Bell-states I-B2) and I-B4) can be precisely measured. 
Extending the previous argument leading to (p7|), when 
the measurement outcome is B4, the resulting state for 
particles b' and c is not maximally entangled. However, 
we can find that, for the measurement outcome of B2, 
the resulting state is \B2)b'c even for the case of a small. 
The success probability V2 for this case is 



.r^where sin 29 = exp(— 2t 2 a 2 ). The unknown state to tele- 
^ 'port and the Bell-state bases are newly defined according 
to the new basis vectors Eqs. (|32|) and (|3^). 

Any two dimensional bipartite state can be written as 



v 2 (0,v) = 



cos 4 29 sin 2 2-q 
4(1 - sin 2 26* sin 2r?) 



(28) 



where V2 — ► for a ~ and V2 — + cos 2 77 sin 2 r\ for a ^> 1 . 



IV. DECAY OF THE ENTANGLED COHERENT 
CHANNEL: MEASURE OF ENTANGLEMENT 

When the entangled coherent channel I-B4) is embed- 
ded in a vacuum environment, the channel decoheres 
and becomes a mixed state of its density operator Pa{t), 
where r stands for the decoherence time. To know the 
time dependence of Pa(t) : we have to solve the master 
equation 19 



= Jp + Lp ; Jp — japa\ Lp - 

or 



- — (a'ap + per a) 
(29) 



where 7 is the energy decay rate. The formal solution of 
the master equation (E9J) can be written as 



p(t) = exp[(J + i)r]p(0). 
which leads to the solution for the initial |cc)(/3| 



(30) 



exp[(J + L)r]|a)(/3| 



\at)((3t\ (31) 



P = 



-fl!g)l + ?7-CTi8)l + l(g)s-a ! + ^ t nm a n g) a m j , 

^ m,n— 1 ' 



(34) 

where coefficients t nm = Tr(pcr m <8)<T n ) form a real matrix 
T. Vectors v and s are local parameters which determine 
the reduced density operator of each mode 



p b = Tr c p = -(t + v- a), 
1 . 

p c = Tr b p = ^(i + s ■ a )-> 



(35) 
(36) 



while the matrix T is responsible for correlation |23J] 

8(a,b) = Tr(pa-o®b-ff) = (a.Tb). (37) 

With use of Eqs. (|ll|) and (|l]), we find v, s, and T for 
the mixed channel pa(t) as follows 

(38) 
(39) 



T = 




where A, B, C and D are defined as 

A= (1 -r)cxp(-4< 2 a 2 ), 
B = (1 -r)exp(-2t 2 a 2 ), 
C = 2 - (1 + T) exp(-4i 2 a 2 ), 
D = -2T + (1 + T) exp(-4/j 2 a 2 ), 
r = exp[-4(l-t 2 )a 2 ]. 



(40) 



Note that Ng is a time-independent normalization factor 
and p4(r ^ 0) can not be represented by a Bell-diagonal 
matrix. 

The necessary and sufficient condition for separability 
of a two dimensional bipartite system is the positivity of 
the partial transposition of its density matrix |l^| . Con- 
sider a density matrix p for a 2x2 system and its partial 



For later use, we introduce a normal- transposition p 2 . The density matrix p is inseparable iff 



where t = e~^ 1T . 
ized interaction time r which is related to t: r = Vl — t 2 . 

To restrict our discussion in a 2 x 2 dimensional Hilbert 
space even for the mixed case, the orthonormal basis vec- 
tors (ph and (0) are now r-dependent: 



p Tl has any negative eigenvalue(s). We define the mea- 
sure of entanglement E for p in terms of the negative 
eigenvalues of p T2 jll| . The measure of entanglement E 
is then defined as 



4 



E : 



(41) 



V. TELEPORTATION VIA A MIXED CHANNEL 



where A~~ are the negative eigenvalue(s) of p T2 and the 
factor 2 is introduced to have < E < 1. 

For Pa(t) we find the time evolution of the measure of 
entanglement 



E(t) 



y/l6B 2 + (C - D f -(2A + C + D) 



4iV fl 



(42) 



Initially, the state \B&) is maximally entangled, i.e., 
E(t = 0) = 1, regardless of a. It is seen in Fig. 2(a) 
that the mixed state pi{r) is never separable at the in- 
teraction time r < oo. It should be noted that the larger 
the initial amplitude a, the more rapidly the entangle- 
ment is degraded. It is known that the speed of destruc- 
tion of quantum interference depends on the distance be- 
tween the coherent component states [Q. When the 
amplitudes of coherent component states are larger, the 
entanglement due to their quantum interference is more 
fragile. 




0.2 0.4 



0.8 1 




FIG. 2. (a) Entanglement E for the mixed entangled 
coherent channel against the normalized decoherence time 
r — ■s/l — e fT . (b) Optimal fidelity / of quantum teleporta- 
tion with the mixed entangled coherent channel. The maxi- 
mum fidelity 2/3 obtained by classical teleportation is plotted 
by a dotted line. We can clearly see that the mixed channel 
is not useful in quantum teleportation from r = l/v 7 ^ even 
though it is always entangled, a = 0.1 (solid line), a = 1 
(long dashed) and a = 2 (dot dashed). 



The optimal fidelity of teleportation in any general 
scheme by means of trace-preserving local quantum oper- 
ations and classical communication (LQCC) via a single 
channel can be obtained from the maximal singlet frac- 
tion of the channel lEltl . The relation is 



F(p)N + 1 
N+l : 



(43) 



where f(p) is the optimal fidelity for the given quantum 
channel p, F(p) is the maximal singlet fraction of the 
channel, and ./V is the dimension of the related Hilbert 
space C N ® C N . F{p) is defined as max($|p|<f>) where 
the maximum is taken over all the N x N maximally 
entangled states. 

Any 2x2 channel becomes useless for quantum tele- 
portation when the optimal fidelity f(p) is less than the 
classical limit 2/3. In other words, when F(p) < 1/2, the 
channel is useless for quantum teleportation. To find the 
maximally entangled basis in which a given channel has 
the highest fraction of a maximally entangled state, it 
suffices to find rotations which diagonalize T |22] . In the 
case of p4, T in (|3^) is always a diagonal matrix. This 
means that the Bell bases constructed from Eqs. ( |3^ ) 
and ([S3|) give the maximal singlet fraction at any decay 
time. The optimal fidelity f(pi) obtained by Eq. (|42 
and the definition of the maximal singlet fraction is 



1 f e 
f(pi) = 3 max j 1+_ e 



2 ,2 



„4t a 



4a 2 _ I ■ 



e 4tW _ e 4rW + 2e 4a 2 



2 4q2 - 1 



(44) 



Because the initially defined Bell bases always give the 
maximal singlet fraction, the optimal fidelity is obtained 
by the standard teleportation scheme with Bell measure- 
ment and unitary operations. This means that the ex- 



perimental proposal in Sec. Ill for pure channel can also 
be used for a mixed channel to obtain the optimal fi- 
delity. The optimal fidelity for the standard teleportation 
scheme is 



fs(pi) 



max 



\{l-\^TO) 



= f(P4), 



(45) 



where the maximum is taken over all possible rotations 
O = + (3) |25(] . As the interaction time varies, parame- 
ters v, s and T are changed. For the decoherence model 
we consider in this paper, T alone affects the fidelity of 
teleportation. 

Fig. 2(b) shows the optimal fidelity at the normalized 
decay time r. The channel is always entangled as shown 
in Fig. 2(a). However, after the characteristic time r c = 
1/a/2 the channel becomes useless for teleportation. It is 
worth noting that the characteristic time does not depend 
on the initial a value. This is confirmed by the fact that 
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the only real solution of the equation f(pi) — 2/3 is 
r = 1/V2 regardless of a. Bennett et al. (24| have pointed 
out that some states with nonzero entanglement do not 
have the maximal singlet fractions higher than 1/2. The 
decohered entangled coherent channel p^{r > r c ) is an 
example of such the case. 

Bose and Vedral |2^] found that not only entanglement 
but also mixedness of quantum channels affect the fidelity 
of teleportation. We may conjecture that the higher en- 
tanglement and the lower mixedness (higher purity) re- 
sult in the better fidelity. In this case, it is shown to 
be true only when the channel is useful for teleportation. 
The mixedness of a given state p can be quantified by 
its linear entropy S(p) = 1 — Tr(p 2 ). For the decohered 
entangled coherent channel, the linear entropy is 



(e 8 



l)(e 



8rc« 



1) 



2(e 4 



1) 



(46) 



which increases to the maximal value and then decreases 
to zero as shown in Fig. 3 because the channel interacts 
with the vacuum and the state for r — > 00 approaches 
to the two-mode vacuum which is a pure state. We 
found that mixedness becomes maximized at the char- 
acteristic time r c . It is confirmed by solving the equa- 
tion dS(pi)/dr — which yields a unique real solution 
r = l/\/2 = r c again regardless of a. It is easily checked 
that von-Neumann entropy as a measurement of mixed- 
ness gives exactly the same result. 




FIG. 3. Mixedness 5* quantified by the linear entropy for 
the mixed entangled coherent state against the normalized 
decoherence time r. The mixedness becomes maximized at 
the characteristic time r c after which the channel is no longer 
useful for teleportation. a = 0.1 (solid line), a — 1 (long 
dashed) and a — 2 (dot dashed). 



singlet fraction F(p^) becomes smaller than 1/2 after r c , 
meanwhile the purification protocol in Jl6| can be ap- 
plied when the singlet fraction of a given density matrix 
is larger than 1/2. Therefore, if the decay time is longer 
than r c , a local filtering or a generalized measurement 
p2| should be first performed on p± for purification. It 
has been pointed out that the filtering process allows one 
to transfer the entanglement hidden in the relation be- 
tween v, s and T (the entanglement added by change of 
the local states) to T pi. 



VI. USEFULNESS FOR 
CONTINUOUS- VARIABLE TELEPORTATION 

We have studied entangled coherent states in 2 x 2 
Hilbert space. However, entangled coherent states are 
in fact continuous-variable states in infinite dimensional 
Hilbert space. If I-B2) and \B±) are considered in infi- 
nite dimensional Hilbert space, they are not maximally 
entangled any more j27|]. It is thus natural to ask such 
a question: how useful are the entangled coherent states 
for teleportation of continuous-variable states? 

In the protocol proposed in [S and demonstrated ex- 
perimentally in pfij ] for continuous- variable teleportation, 
a two-mode squeezed state is used as the quantum chan- 
nel and a joint homodyne measurement as Alice's mea- 
surement. An unknown quantum state in Eq. ( |l3| ) can be 
teleported by a two-mode squeezed state, and the fidelity 
becomes unity for the limit of infinite squeezing. 

Assume that a coherent state of an unknown amplitude 
is the state to teleport via an entangled coherent state, 
IC2) in Eq. (g) with iff = 0. After a straightforward 
calculation, the fidelity is obtained 1301] 



/(«) 



1 + exp(-2a; 2 .) 
2[l+exp(-4a2)] 



(47) 



Note that f(a) is independent from the amplitude of the 
unknown coherent state to teleport. It depends only on 
the real part of coherent amplitude a of the quantum 
channel. We find from Eq. (^?|) that the fidelity is always 
better than 1/2. The maximal value is about 0.6 when 
a r ~ ±0.7. 



VII. REMARKS 



Horodecki et al. |g2[ showed that any entangled 2x2 
density matrix can be distilled to a singlet form by local 
filte ring pj||26| and entanglement concentration proto- 



col 16 . If sufficiently many entangled 2x2 channels 
are given, no matter how small the entanglement of the 
channels is, some maximally entangled channels can be 
obtained from the original pairs. Because the decohered 
channel P4 is entangled at any decay time, the ensem- 
ble represented by pi(r) can be purified to obtain some 
maximally entangled channels. We have seen that the 



We have studied a mixed entangled coherent channel 
in 2 x 2 Hilbert space. We constructed orthogonal Bell 
bases with entangled coherent states to consider their en- 
tanglement and usefulness for teleportation in a dissipa- 
tive environment. A pure entangled coherent channel is 
shown to teleport perfectly some quantum information. 
We investigated an experimental scheme for teleporta- 
tion and entanglement concentration with a realizable 
Bcll-measuremcnt method. 
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It is found that a mixed entangled coherent state is al- 
ways entangled regardless of the decay time. The larger 
initial amplitude a, the more rapidly entanglement is de- 
graded. This is in agreement with the fact that macro- 
scopic quantum effects are not easily seen because it is 
more fragile. 

Because a decohered entangled coherent channel is en- 
tangled at any decay time, its ensemble can be purified 
by an entanglement purification protocol Jl6| and used 
for reliable teleportation. On the other hand, it is shown 
that the optimal fidelity of teleportation attainable us- 
ing a single pair is better than the classical limit 2/3 
only until a certain characteristic time r c , at which the 
mixedness of the channel becomes maximized. The max- 
imal singlet fraction of the state is not more than 1/2 
after r c , even though it is still entangled. 

Entanglement and mixedness of quantum channels 
are important factors which affect teleportation. Until 
the characteristic time, both entanglement and purity 
decrease, which causes the decrease of teleportation fi- 
delity. After the time r c , the purity of the channel is 
recovered back even though entanglement decreases fur- 
ther. The experimental realization of purification for the 
mixed channels deserves further investigation. 
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